We have previously reported the isolation and characterization of a nucleosome remodeling and spacing factor, RSF. One of the RSF subunits is hSNF2h, a SNF2 homologue. Here we set out to isolate and characterize other hSNF2h-containing complexes. We have identified a novel hSNF2h complex that facilitates ATP-dependent chromatin assembly with the histone chaperone NAP-1. The complex possesses ATPase activity that is DNA-dependent and nucleosome-stimulated. This complex is capable of facilitating ATP-dependent nucleosome remodeling and transcription initiation from chromatin templates. In addition to hSNF2h, this complex also contains a 190-kDa protein encoded by the BAZ1A gene. Since both subunits are homologues of the Drosophila ACF complex (ATP-utilizing chromatin assembly and remodeling factor), we have named this factor human ACF or hACF.
In eucaryotic cells, the DNA is packaged with histones in the form of chromatin (1) . The primary unit of chromatin is the nucleosome, composed of 147 bp 1 of DNA wrapped around an octamer of histone proteins (2) . In general, the majority of nucleosomes throughout the genome are evenly spaced with a repeat length of ϳ190 bp (3); however, variations in repeat lengths at particular genes have been observed (4) . Nucleosomes within arrays stack along with accessory proteins to form higher order structures (5) . The packaging of DNA into chromatin allows for efficient storage of genetic information, although this compaction impedes the interaction of proteins with DNA. In the nucleus there are machinery's that facilitate the mobility of nucleosomes and aid proteins to bind to their sites on DNA (6, 7) .
Through genetic and biochemical studies several of these enzymes have been identified from different organisms. They include the SWI/SNF complexes in yeast, human, and Drosophila; the RSC complex in yeast; the RSF complex in human; the Mi-2/NuRD complexes in human and Xenopus; the ACF, CH-RAC, and NURF complexes in Drosophila; and the ISWI1 and ISWI2 complexes in yeast. A common property of these enzymes is that they utilize ATP to facilitate the mobility and/or alter the structure of nucleosomes. All of these enzymes contain a subunit with an ATPase/helicase domain with significant homology to yeast SNF2 (6 -9) . In vitro, it has been demonstrated that many of these enzymes are capable of facilitating a local perturbation of chromatin structure near the binding sites for site-specific factors, which is dependent on the binding of the site-specific factors and ATP. This phenomenon is referred to as "nucleosome-remodeling." Nucleosome-remodeling surrounding factor binding sites explains why "nuclease-hypersensitive" sites are found in the enhancer and promoter regions of active genes (10) . In vitro studies have also demonstrated that nucleosome-remodeling enzymes can participate in transcription from chromatin templates (11) (12) (13) (14) . Recent studies have shown that while some of these enzymes can be recruited by directly interacting with the site-specific binding factors, others may function by altering the mobility of nucleosomes (7, (15) (16) (17) . The ability to alter nucleosome mobility explains why some of these enzymes are capable of spacing nucleosomes. It has been demonstrated that the Drosophila CHRAC and ACF complexes, human RSF complex, and yeast ISWI complexes are capable of converting irregularly spaced chromatin into arrays of periodically spaced nucleosomes. In combination with the histone chaperone NAP-1, which deposits histones onto DNA in an ATP-independent manner, these enzymes can assemble chromatin that resembles physiologic conditions (8, 11, 12, 18) .
We have previously reported the development of a minimal defined system capable of transcribing chromatin templates (11, 19) . This system requires a nucleosome-remodeling enzyme to facilitate factor binding and transcription initiation. The nucleosome-remodeling factor that we used was RSF, an enzyme possessing ATP-dependent nucleosome remodeling and spacing activities. RSF is composed of two subunits, hSNF2h (135 kDa) and a 325-kDa polypeptide. This system also requires a chromatin-specific elongation factor, FACT (facilitates chromatin transcription) for RNA polymerase II to traverse nucleosomes during elongation. FACT is a two-subunit factor composed of a human homologue of the Saccharomyces cerevisiae Spt16/Cdc68 protein and the HMG-1-like protein SSRP1. FACT does not require ATP for energy and is thought to function as a histone chaperone (19) . Here we report the isolation of a novel hSNF2h complex, distinct from RSF. This complex also contains a 190-kDa protein encoded by BAZ1A, a recently identified gene with similarity to the WSTF gene, a gene deleted in Williams Syndrome (20, 21) . BAZ1A stands for bromodomain adjacent to zinc finger domain1A. BAZ1A and WSTF are human homologues of Acf1 the 185-kDa subunit of the Drosophila ACF complex, which also contains Drosophila ISWI (22) . We therefore named this complex human ACF (hACF). Similar to Drosophila ACF and human RSF, the hACF complex also possesses ATP-dependent nucleosome remodeling and spacing activities. Like RSF, in combination with FACT, this complex is also capable of supporting transcription from chromatin templates in a defined system.
MATERIALS AND METHODS
Purification of hACF-Approximately 7.0 grams of HeLa nuclear extract were applied to 500 ml of phosphocellulose (Sigma) resin equilibrated in BC100 as described in Ref. 4 and was loaded onto a 1-ml DEAE-52 column equilibrated in the same buffer. The hSNF2h protein did not bind to the column; it was recovered in the column flow-through, while half of the total protein bound to the column. The DEAE-52 flow-through fraction was loaded directly onto a 1-ml phosphocellulose column and eluted with buffer C containing 1.0 M KCl. This fraction was then directly loaded onto a Superose 6 (Amersham Pharmacia Biotech) gel filtration column previously equilibrated in buffer C containing 0.5 M KCl. The hACF complex eluted with an apparent molecular mass of 300 -400 kDa.
Immunoprecipitations-Immunoprecipitations were performed as described in Ref. 24 . Monoclonal antibodies used for hSNF2h and RSF p325 were raised by Bios-Chile I.G.S.A. against the purified RSF complex selecting for hybridomas that produced antibodies against the separate subunits. The immunoprecipitations were washed with BC500 buffer C containing 0.5 M KCl and 0.05% Nonidet P-40. The input used for the RSF immunoprecipitation was derived from the third step of RSF purification as described in Ref. 11 . The input used for hACF immunoprecipitation was from the phenyl-Sepharose.
Reconstituted Chromatin Assembly Assay-Recombinant (6ϫ) histidine-tagged Drosophila NAP-1 was expressed from baculovirus in SF9 cells. The protein was purified by standard nickel affinity purification. Reconstituted chromatin assembly assays were performed by incubating 2 g of plasmid DNA (pG5MLP), 1.9 g of purified HeLa core histones, 150 g of bovine serum albumin, 3 mM ATP, 30 mM phosphocreatine, 0.2 g of phosphocreatine kinase, 5 mM MgCl 2 , 50 mM KCl, 10 mM HEPES (pH 7.6), 0.2 mM EDTA, and 5% glycerol (v/v) and 100 ng of purified hACF at 30°C for 5-6 h. After assembly the samples were split and digested with two different concentrations of micrococcal nuclease, deproteinated, run on a 1.2% agarose Tris-glycine gel, Southern blotted with a probe with sequence corresponding to the ␤-galactosidase gene on the plasmid.
Chromatin Assembly for Remodeling and Transcription AssaysChromatin was assembled with Drosophila S-190 extract as described in Ref. 25 with 3 g of plasmid DNA and 2 g of HeLa-purified histones in a 400-l volume. The plasmid DNA contains five GAL4 sites upstream of the adenovirus major late promoter followed by a 390-nucleotide G-less cassette. Chromatin was Sarkosyl-treated (0.05%) and purified away from the assembly extract as described in Ref. 23 .
Nucleosome-remodeling Assay-The nucleosome-remodeling assay used was adapted from Tsukiyama et al. (11, 26) . This assay uses periodically spaced nucleosomal templates assembled in Drosophila S190 extract, which have been Sarkosyl-treated and purified by gel filtration chromatography. The templates contain five GAL4-binding sites upstream of the adenovirus major late promoter. After incubating the chromatin templates with various combinations of ATP, GAL4-VP16, hACF, or RSF, the chromatin was digested with two different concentrations of micrococcal nuclease. The products were then analyzed by Southern blotting with probes within the vicinity of the promoter (promoter probe), stripped, and reprobed with a probe corresponding to a region 1000 base pairs away from the promoter (distal probe). Nucleosome remodeling is observed by a loss of periodic nucleo- Chromatin Transcription Assay-The reconstituted chromatin transcription assay used was performed as described in (11), except the TFIID used was immunopurified with an anti-TBP antibody as described in Ref. 27 .
ATPase Assay-The ATPase assay was performed as described in Ref. 28 .
RESULTS

Isolation and Identification of the hACF Complex-
To isolate different hSNF2h complexes we fractionated HeLa cell nuclei. Using antibodies to both subunits of RSF, we were able to find a fraction that contained hSNF2h, but was devoid of p325. We therefore set out to isolate a hSNF2h-containing complex from this fraction. Proteins were fractionated using a series of conventional chromatography columns as depicted in Fig. 1A . Each step was assayed by Western blot analysis for the hSNF2h protein. The final step of purification, a Superose 6 gel filtration column, is shown in Fig. 1B . The hSNF2h protein copurifies with a 190-kDa polypeptide, that together eluted with a native molecular mass of 300 -400 kDa, suggesting that they form a heterodimer. We identified the 190-kDa polypeptide and confirmed the identity of hSNF2h by sequencing peptides generated by in-gel tryptic digestion with microcapillary high-performance liquid chromatography directly coupled to an ion trap mass spectrometer (11) . Peptide sequences revealed that the 190-kDa polypeptide is BAZ1A, a newly identified protein with homology to Drosophila Acf1 (21) .
To further analyze whether the hSNF2h protein is in two distinct complexes, we performed immunoprecipitation experiments with hSNF2h-specific antibodies (Fig. 1C) . We used two different fractions for the immunoprecipitations, a crude but hSNF2h-enriched fraction that also contains RSF p325 or a crude but hSNF2h-enriched fraction devoid of RSF p325. When we used the crude fraction that contains RSF p325 (lane 1), we were able to coimmunoprecipitate both RSF subunits, p325, and hSNF2h (lane 3). When we used the crude fraction that is devoid of RSF (lane 4), we were able to coimmunoprecipitate both hACF subunits; the 190-kDa polypeptide (BAZ1A) and hSNF2h (lane 6). No polypeptides were observed in the control lanes where no antibody was used (lanes 2 and 5) . The identity of RSF p325 polypeptide and the hSNF2h polypeptide were confirmed by Western blot (Fig. 1C, bottom panel) .
The Nucleosome Spacing Activity of the hACF Complex-To determine whether hACF has nucleosome-spacing activity, we performed a chromatin assembly assay ( Fig. 2A) . Chromatin assembly was monitored by micrococcal nuclease digestion. As shown in lane 3, the presence of ATP, hACF, and dNAP-1, yielded nucleosome arrays with regular periodic spacing. In the absence of hACF or ATP, no appreciable arrays with periodic spacing were observed (lanes 2 and 4) .
The ATPase Activities of the hACF Complex-To characterize the ATPase activity of hACF, we performed an ATPase assay in the presence of either sonicated calf thymus DNA (200 -400 bp), mononucleosomes, or HeLa core histones. As shown in Fig.  2B , the hACF complex possesses DNA-dependent ATPase activity that is further stimulated by nucleosomes (6.8-fold when compared with DNA).
Nucleosome Remodeling Activity-We next tested the hACF complex for ATP-dependent nucleosome-remodeling activity. hACF exhibits ATP-dependent and activator-dependent nucleosome-remodeling (Fig. 3A) . The remodeling is specific for the promoter region, because reprobing with a distal probe revealed regular periodic nucleosome spacing. Like RSF, hACF does not require an activation domain, because GAL4-(1-94), which lacks an activation domain, was also capable of directing nucleosome remodeling to the promoter region (data not shown).
Reconstituted Transcription from Chromatin TemplatesNext, we tested hACF for its ability to allow the accessibility of transcription factors to chromatin templates using a reconstituted chromatin transcription assay. We have previously defined the requirement for a remodeling factor in our reconstituted chromatin transcription assays. The reconstituted transcription assay consists of the purified recombinant factors TFIIA, TFIIB, TFIIE, TFIIF, PC4, GAL4-VP16; the affinitypurified multisubunit factors TFIID, TFIIH, and RNA polymerase II; and highly purified FACT. The purified chromatin used for transcription assays was prepared in the same way as chromatin prepared for remodeling assays. As shown in Fig.   FIG. 3 . A, purified hACF was assayed for nucleosome-remodeling activity. Purified RSF was used as a control. Additions were as indicated on the top of the panels. Left panel, shows a Southern blot hybridized with a probe corresponding to sequences within the promoter. Right panel, shows the same blot, which has been stripped and rehybridized with a probe corresponding to sequences 1000 base pairs away from the promoter. B, reconstituted transcription from chromatin templates facilitated by FACT and hACF. Productive full-length transcription is measured by the production of a 390-nucleotide transcript. Lanes 2-7, reconstituted transcription on chromatin templates. FACT, hACF, and GAL4-VP16 were added as indicated in the figure. Lane 1 is full-length transcription reconstituted on naked DNA. 3B, robust transcription is facilitated in the presence of hACF and FACT from chromatin templates (lane 6). Transcription is greatly stimulated in the presence of an activator (lane 5). Transcription is severely compromised in the absence of either of these factors (lanes 4 and 7) . DISCUSSION Our results indicate that the hSNF2h protein exists in at least two distinct complexes, the RSF complex and the hACF complex. Based on purification yields we estimate that there are approximately equal amounts of RSF and hACF in the cell. We believe that the abundance and redundancy of these enzymes is related to their function. In the nucleus, nucleosomes need to be fluid, so they can reorganize during and after factor binding or any DNA metabolism events. Since both RSF and hACF share the same ATPase subunit, the larger subunits, which make each complex unique, must specialize their function. The hACF complex is homologous to Drosophila ACF in both composition and function. It remains unknown whether there is an analogous complex to RSF in Drosophila. We had predicted in our previous publication that the Drosophila ACF complex would be able to substitute for RSF in our reconstituted chromatin transcription assays (11) . Here we show that hACF is capable of fulfilling the requirement for a nucleosomeremodeling factor in the reconstituted chromatin transcription assays.
Another complex, purified from Drosophila is CHRAC (chromatin accessibility complex), which also contains the ISWI protein in addition to topoisomerase II and three other polypeptides (29) . In the course of the purification of hACF we found that some of the hACF copurifies with topoisomerase II␤. Using conventional chromatography, we were able to purify a complex containing these three polypeptides (hSNF2h, BAZ1A, and topoisomerase II␤) to near-homogeneity. Moreover, this topoisomerase II␤-containing complex eluted with an approximate mass of 600 kDa on a gel filtration column, which is 200 kDa larger than hACF, suggesting that they form a complex. Coelution of topoisomerase II␤ and hACF was also observed upon sucrose gradient sedimentation. However, we were unable to coimmunoprecipitate topoisomerase II␤ with hSNF2h-specific antibodies (data not shown). Whether the association between hACF and topoisomerase II␤ is functional remains to be elucidated. However, this complex is likely similar to CH-RAC, which is believed to play a role during DNA replication (30) .
Recently Bochar et al. (31) reported the isolation of a novel hSNF2h chromatin remodeling complex, which they termed WCRF. The authors indicated that WCRF is composed of a 180-kDa subunit in addition to hSNF2h. The 180-kDa subunit is encoded by a novel cDNA (WCRF180), which appears identical to BAZ1A. However, this group estimated the size of the complex to be 670 kDa by gel filtration chromatography. In light of our results demonstrating that hACF in association with topoisomerase II␤, elutes from a gel filtration column with an apparent mass of 600 kDa, we speculate that the WCRF complex described by Bochar et al. (31) includes topoisomerase II␤.
The hACF complex is the latest in the growing list of chromatin remodeling factors. Since there are many other sequences with homology to SNF2 in the DNA data bases, it is likely that this list will continue to grow.
